Microscopic pore structure of rock salt plays a dominant role in its permeability. In this paper, microscopic pore structure of a set of rock salt samples collected from Yunying salt mine of Hubei province in China is investigated by high pressure mercury injection, rate-controlled mercury penetration, and nitrogen absorption tests. The pore size distribution is further evaluated based on fractal analysis. The results show that pore size of rock salt varies from 0.01 to 300 m with major concentration of pore size smaller than 1.00 m. The pore's radiuses are mainly distributed within a range between 15 and 50 nm. The research further reveals that the pore channel size of rock salt is randomly distributed, but the distribution of pore throat radius fits very well with fractal law. By analysis of permeability, it is found that the maximum and medium radius of the pore throat have significant impacts on permeability. Porosity is not apparently related to the permeability of rock salt. The higher the fractal dimension is, the higher the impacts on permeability of the small throat are detected and the lower the influence on permeability of the big throat is exhibited. It indicates that the small throat determines majorly the permeability of rock salt. The findings obtained from this study provide an insight into understanding the characteristics of microscopic pore structure of rock salt.
Introduction
Rock salt is an ideal underground medium to store energy (oil and natural gas) with 90% of the world's energy repository constructed in rock salt medium or deserted salt mines [1, 2] . The first rock salt natural gas repository went into operation in Jintan, Jiangsu Province, in 2007, and there will be more rock salt gas repository going into operation to address the cyclic operation needs of natural gas. Although rock salt gas repository is relatively safe, it is still possible that natural gas could leak from salt caverns and thus cause explosion accidents [3] . According to [4] , till 2009, the rate for rock salt gas repository accidents was 11% worldwide, with 60% of the accidents causing blowout explosion disasters resulting from failure of gas repository leakproofness. Only with great leakproofness of salt caverns can natural gas in rock salt gas repository be prevented from leaking and pore structure of rock salt is the key element to evaluate the leakproofness of rock salt [5, 6] As a polycrystalline polymer, rock salt features great leakproofness with a porosity rate of less than 0.5% for undisturbed rock salt and a permeability rate of 10 −21 -10 −20 m 2 [7] . However, rock salt dilatancy behavior will lead to remarkable increase in permeability rate. For instance, with a dilatancy rate of 0.1-0.2%, rock salt's permeability rate would increase by 4 to 5 orders of magnitude [8] , indicating the interrelation between porosity rate and permeability rate [9, 10] and that study of pore structure is a significant aspect for the research of rock salt permeability. Cuevas [11] adopted mercury intrusion method, gas adsorption, and saturated hydrocarbon to test the pore structure of Cardona Saline Fm rock salt and divided rock salt pores into mesoscopic pores, microscopic pores, and macroscopic pores. Wu et al. [12] found that, with a porosity rate of 0.3-3.0%, the permeability rate would be about 10 −20 m 2 . Ji et al. [13] employed mercury intrusion method to test the average porosity rate of rock salt in Qianjiang, China, and found it to be 2.7%. Gueguen and Dienes [14] did some theoretical research into the relationship between rock microfracture and permeability rate based on statistics and percolation theory. Spangenberg et al. [15] made artificial rock salt with a porosity rate of 5-42% and results show apparent relationship between permeability and porosity rates in samples. Afterwards, Popp and Kern [16] , Popp et al. [17] , Kissling [18] , and Hampel and Schulze [19] consecutively tested the porosity and permeability rates of undisturbed rock salt and results show that there is certain relationship between porosity rate and permeability rate of rock salt and moreover, based on this, Lebensohn et al. [20] set up the gas permeation equation for rock salt.
However, Stormont and Daemen [21] experimented on the relationship between porosity and permeability rates in rock salt's force process and results show that permeability rate increases with the increase of porosity rate, but when confining pressure reaches 7.6 MPa, the increase of permeability rate with porosity rate is no longer apparent. Ji et al. [13] used mercury intrusion experiment to test rock salt in Qianjiang and found that there could be highly porous rock salt with low permeability rate. Therefore, the relationship between rock salt's permeability and porosity rates is very complicated. Apart from porosity rate, pore's channel, throat, connectivity between pores, and other structural features also have great influence on permeability rate, as a schematic diagram shown in Figure 1 .
In order to better understand the influences of pore structure on permeability of rock salt, the present research implements mercury intrusion and gas adsorption testing methods to test the pore structure of rock salt in Yunying mine of China and analyze the porosity rate of rock salt, average pore throat ratio, average pore radius, size of pore, and the influence distribution geometry has on permeability rate so as to provide physical basis for the research on permeability rate. [11] and Zhu et al. [22] . Furthermore, the other four samples XF-01, XF-02, XF-03, and XF-04 are tested by nitrogen absorption method. The detailed process of this test has been reported in [23] . All tests are carried out using NOVA multifunctionphysical adsorption analyzer in the Geological Engineering Experiment Center, China University of Geosciences (Wuhan).
Sampling and Testing

Testing Process. The setup of mercury injection test is organized as follows:
(i) Dry the samples by putting samples in vacuum oven with the temperature 80 ∘ C lasting for 4 hours; weigh the sample when this process is completed.
(ii) Open nitrogen pressure relief valve and set the outlet pressure of 0.28 MPa and then open vacuum pump to start test, and simultaneously switch on the data logging system. (iii) Put samples into NOVA to start first with low pressure test; then test the samples with deploying high pressure; the parameters including the accumulative volume of the mercury, mercury rate, and porosity are automatically recorded. (iv) Shut down testing facilities and take the samples out of the devices.
The nitrogen absorption tests are set as follows: put samples into vacuum drying oven at 150 ∘ C and they are vacuumed for 10 hours and then put the samples into device NOVA to determine the adsorption-desorption curve. 
Results and Discussion
Pore of Rock Salt
3.1.1. Pore Size Distribution. The pore size distribution of the rock salt is determined based on high pressure mercury injection tests. Figure 2 shows the accumulative mercury quantity varies with pore size of Sample No. 3. According to previous studies [24, 25] , the pore size of rock salt can be classified into three categories as follows: macroscopic pore with size larger than 8 m, microscopic pore with a size varying between 1 m and 8 m, and subpore with pore size that is smaller than 1.0 m. Among these three types of pore, macroscopic pore is generally flat-shaped, the microscopic pores form often network, and subpore is connected as pore throat, as displayed in Figure 1 .
The testing results show that the porosity of the rock salt samples collected from Yuying mine varies between 0.26% and 3.0%, as shown in Table 1 . These findings fit very well with the results reported by Wu et al. [12] . On the other hand, the pore size is determined to be ranged from 2.0 to 300 m. And the subpore accounts for 60% of the total pores in the samples. The curve of mercury injection pressure-increase mercury rate shows a singlet, indicating that the pore size is intensively concentrated. Furthermore, the pore size was determined to be concentrated within 15 nm to 35 nm, implying a subpore dominated porous mediums of the rock salt.
Pore Throat Radius.
Both pore volume and pore throat volume can be precisely determined by rate-controlled penetration experiments. Thus, the pore structure is investigated very specifically. In this study, six samples including Nos. 5-10 are tested by rate-controlled penetration experiment. Table 2 lists the determined porosity and the average throat radius of the samples. The average throat radius varies from 14 nm to 18 nm based on this method; it is verified that the pores majorly consist of subpores.
Considering that nitrogen absorption experiment can test the pore size from 0.35 nm to 100 nm and the ratecontrolled penetration test can test pore size ranging from 7 nm to 200 m, the nitrogen absorption experiment is applied to investigate the pore size characteristics in the present study. Three samples are prepared and tested and the obtained results are listed in Figure 4 shows the pores channels and pore throats determined by rate-controlled penetration test. It can be seen that the pore throats are mainly concentrated with the size smaller than 2.0 m. By fitting the curve, it is found that the distribution of pore exhibits an exponential relationship with quantity of the pores percentage.
The Pore Size Distribution of Channel and Pore Throat.
The study above revealed that the pore throats have a size generally smaller than 2.0 m. According to fractal theory [26] , the number of pore throats can be derived as follows in case of the distribution of pore throat fit with fractal theory: Similarly, the function for the distribution of pore throat can be formulated as follows:
where is quantity of pore throat; ( ) is the function on pore throat radius density distribution; is the pore throat radius, in m; is the fractal coefficient; and is the fractal dimension of the pore throat distribution. Taking Samples No. 5-No. 10, for example, the pore channels are analyzed by following fractal theory for the size both smaller and bigger than 2.0 m. Table 4 shows the results for the pore channel. The fractal dimensions of these six samples are varied between 2.19 to 2.62 with correlation coefficient of 0.874-0.997. According to the fractal theory, the three-dimensional pore should range from 2.0 to 3.0. The finding indicates that the pore channel distribution fits very well with the fractal theory. Therefore, the microscopic structure of the pore throat can be quantitatively estimated by fractal dimensions.
On the other hand, pore channel is also analyzed using the fractal dimensions, as shown in Table 5 . The fractal dimensions are determined to be ranged from 3.75 to 6.29, implying that the distribution of pore channel does not fit the fractal law. 
Relationship of Throat Microgeometrical Parameters with
Porosity and Permeability. Pore throat reveals the connection among the pores which is considered to be crucially important to the permeability of rock mass. The parameters including average capillary pressure, , the displacement pressure, the median pressure, C50 , the mean capillary pressure, , mean value, , sorting coefficient, , variation coefficient, vc, and skewness, , can be determined by mercury injection test. These parameters are useful in quantitatively determining the pore's structure. Among all the parameters, represents the distribution of pore throat radius. Ten samples are tested by the capillary tests and the obtained parameters are displayed in Table 6 . It shows that , c50 and the maximum mercury saturation have good correlation with porosity of the rock salt.
represents the minimum pressure for the mercury entering into the pores, corresponding to the maximum pore throat radius. Similarly, C50 denotes the median pressure that is accordance with the median radius. In general, the bigger the pore size is the lower displacement pressure is. The maximum mercury saturation represents a peak pressure for the injection test. The larger the volume of mercury entering the pore means the better the connectivity of the pores, and the higher the porosity detected. Table 6 shows that the displacement pressure, , and median pressure are strongly related to porosity of rock salt, with the correlation coefficient 2 = 0.837 and 2 = 0.775. In addition, the variation coefficients show a weak correlation with porosity, 2 = 0.166. A low correlation coefficient is shown when fitting porosity with permeability, as it is also verified in Figure 5 . Therefore, the porosity has no obvious effects on permeability of the rock salt. Conclusively, the microstructures of the pore throat such as shape, size, connectivity, and distribution are the important factors to the permeability of the rock salt
Influences of Pore Throat on Permeability.
The low permeable medium has generally small throat radius, but with big pore size. The throat has larger number than pore and thus the throat plays determining role in the permeability of rock salt [27] . As this study revealed above that distribution of pore size conforms very well with fractal theory. According to Hagen-Poiseuille's approach, the contribution of a single throat to permeability can be formulated as follows:
where Δ is the contribution rate to permeability of a single pore throat radius; represents the radius ( m). Figure 6 shows that pore throat radius versus with contribution rate to permeability of rock salt Sample No. 10. It is observed that the small pore throat contributes mainly the permeability. The effect of throat radius on permeability becomes negligible when the radius is larger than 0.1 m.
Conclusions
In this paper, the microscopic pore structure and its influences on permeability of rock salt samples collected from Yunying salt mine in China are studied. High pressure mercury injection, rate-controlled mercury penetration, and nitrogen absorption experiments are carried out to determine the pore size and its distribution. The impact of pore size and structure on permeability is then analyzed. Major findings of this study include the following:
(i) The porosity of rock salt is determined to be varying between 0.26% and 3.00%. The pore size covers a range from 0.01 to 300 m, which can be categorized into macroscopic pore with pore size larger than 8 m, microscopic pore (1 m-8 m), and subpore (<1 m). The void of rock salt mainly consists of subpore, accounting for 60% of the total pores. The pore size is estimated to range mainly from 15 nm to 50 nm based on Wash-Born approach. The pore throat radius is determined to be within 10 nm to 30 nm by nitrogen absorption tests.
(ii) Pore channel size of the rock salt is distributed randomly, but the pore throat radius conforms with the law of fractal theory and the fractal dimension is determined to vary between 2.19 and 2.62. The displacement pressure, , the median pressure, P 50 , and the maximum mercury saturation are found to be strongly correlated with porosity.
(iii) The porosity of the rock salt is observed to be not correlated obviously with its permeability. On the other hand, maximum pore and median pore throat radius are both related to permeability of the rock salt. The variation coefficient of pore throat distribution is estimated to be 0.663, indicating they are strongly correlated. Thus, pore throat radius plays dominated role in permeability of rock salt. The further research shows that the influences of big throat radius on permeability of rock salt become lower and the contribution of small throat radius on permeability increases drastically with increasing the fractal dimension.
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